Background: Infliximab (IFX), a known monoclonal antibody against tumor necrosis factor-α (TNF-α), is used to treat Kawasaki disease (KD) patients with intravenous immunoglobulin (IVIG) resistance. The transcriptional modulation of inflammation following IFX therapy has not been reported in KD patients. Methods: We investigated the transcript abundance profiles in whole blood obtained from eight IVIG-resistant KD subjects treated with IFX therapy using microarray platforms and compared them with those in initially IVIG-responsive subjects. A pathway analysis was performed using WikiPathways to search for the biological pathways of the transcript profiles. Four transcripts changed by IFX therapy were subsequently validated using quantitative real-time polymerase chain reaction. results: The pathway analysis showed the reduced abundance of transcripts in the nucleotide-binding oligomerization domain, matrix metalloproteinase (MMP), and inflammatory cytokine pathways and the increased abundance of transcripts in the T-cell receptor, apoptosis, TGF-β, and interleukin-2 pathways. Additionally, the levels of four transcripts (peptidase inhibitor-3, MMP-8, chemokine receptor-2, and pentraxin-3) related to KD vasculitis and IVIG resistance decreased after IFX therapy. conclusion: The administration of IFX was associated with both the signaling pathways of KD inflammation and several transcripts related to IVIG resistance factors. These findings provide strong theoretical support for the use of IFX in KD patients with IVIG resistance.
t he severest complication of Kawasaki disease (KD) is the development of coronary artery aneurysms (CAAs). Although the administration of high-dose intravenous immunoglobulin (IVIG) and oral aspirin can be used to reduce systemic inflammation and the duration of fever, approximately 10% to 20% of KD patients exhibit a persistent fever despite receiving initial IVIG treatment (1) . IVIG resistance is a risk factor for CAA. Therefore, the optimal treatment for IVIGresistant KD must be selected.
Tumor necrosis factor-α (TNF-α) is an important cytokine that induces an inflammatory status in KD patients. In previous reports, the serum levels of TNF-α and soluble TNF receptor 1 have been found to be significantly elevated in KD patients during the acute phase, whereas the levels of circulatory TNF-α are significantly higher in KD patients with CAAs than in those without CAAs (2, 3) . In addition, it has been demonstrated that TNF-α is involved in thedevelopment of CAAs in an animal model of KD (4) . Therefore, the blocking of TNF-α is a critical factor for regulating the KD inflammation.
Infliximab (IFX), a monoclonal antibody that blocks the biological activity of TNF-α when administered intravenously, is used to treat several chronic inflammatory diseases, including Crohn's disease and rheumatoid arthritis (5) . Recently, the use of IFX has been attempted as a novel therapy for refractory KD (6) (7) (8) (9) . In a randomized study of additional IVIG vs. IFX infusion in KD patients with fever following initial treatment with IVIG, IFX infusion was found to be safe and well tolerated in KD patients, with no serious adverse reactions attributed to either therapy. Another retrospective study demonstrated that IFX therapy, as a second-line treatment, resulted in faster disease resolution with a reduced number of days of hospitalization. Furthermore, the outcomes of patients with CAAs are similar compared with those of patients treated with additional IVIG therapy (7, 8) . Although it is known that the blocking of TNF-α is critical for obtaining anti-inflammatory effects in patients with KD, the transcriptional modulation of inflammation following the administration of IFX therapy has not been previously reported in the setting KD, and regarding the different mechanisms between IFX and IVIG therapies for KD remains unknown. Therefore, to investigate the mechanism of action of IFX therapy in the setting of KD, we detected the transcript profiles in KD patients treated with infused IFX using a microarray platform and quantitative real-time polymerase chain reaction (RT-PCR).
RESULTS

Transcript Abundance Profiles and Signaling Pathways Associated With IFX Therapy in IVIG-Resistant Subjects
To demonstrate the differential transcript abundance profiles observed in patients treated with IFX therapy, we first identified the transcript abundance profiles in IFX-responsive KD subjects (n = 8) who received IFX therapy as the third-line treatment after two cycles of IVIG therapy (Figure 1 and Table 1 ). The transcript expression levels of 7,244 probes changed significantly between the pre-and post-IFX therapy periods (P < 0.05). To focus on the most significant differentially expressed transcripts among the various phases of IFX therapy, we selected 1,388 of 7,244 probes whose expression levels in the pre-IFX therapy subjects exhibited a more than 1.5-fold change in the post-IFX therapy period. Among these 1,388 probes, 975 (70.2%) were less abundant (downregulated) and 413 (29.8%) were more abundant (upregulated), with a more than 1.5-fold change, after IFX therapy. Table 2 shows the top 20 probes (downregulated and upregulated probes, respectively) with the largest fold differences in their transcript abundance profiles between the pre-and post-IFX therapy periods (maximum Q value: 4.9%). The most downregulated transcripts among the subjects who received IFX therapy were CD177 (polycythemia rubra vera-1), peptidase inhibitor-3 (PI3), suppressor of cytokine signaling 3, interleukin-1 (IL-1) receptor type 2 (IL1R2), matrix metalloproteinase 8 (MMP8), and IL-1β. Among the most significantly upregulated transcripts in the subjects who received IFX therapy, those associated with hemoglobin synthesis, intercellular matrix regulation and nucleic acid metabolism were included. Moreover, some TGF-β-related transcripts, including TGF-β receptor III and noggin were more abundant after IFX therapy. Table 3 shows the signaling pathways associated with the downregulated and upregulated probes. Among the 975 downregulated probes in the subjects who received IFX therapy, a total of 80 signaling pathways were detected in association with a broad range of genes, such as those involving nucleotide-binding oligomerization domain (NOD, P = 4.12 × 10 ), complement and Figure 1 . Flow diagram of the transcripts in the patients treated with IFX therapy. Among 1,388 probes that changed significantly, 975 were less abundant (downregulated) and 413 were more abundant (upregulated) after IFX therapy (p < 0.05, >1.5-fold change). After excluding 645 overlapping probes that were differentially abundant in both IFX and IVIG therapy groups (downregulated: 510, upregulated: 135), a total of 743 probes that specifically changed under IFX therapy alone were identified (downregulated: 465, upregulated: 278). All eight subjects responded to IFX therapy after a total dose of 4 g/kg of IVIG. All six subjects responded to the initial IVIG therapy. IFX, infliximab; IVIG, intravenous immunoglobulin. ), IL-6 (P = 1.12 × 10 -4
), TNF-α (P = 0.001), and MMPs (P = 0.002), which encode proteins expressed at the cell surface, in the cytoplasm, and in the nucleus; these pathways were markedly suppressed by IFX therapy. Among the 413 upregulated probes in the subjects who received IFX therapy, a total of 57 signaling pathways were detected, related to the activation of T-cell receptor (TCR, P < 1.00 × 10 ).
Expression of Transcript Abundance Profiles Associated With IFX Therapy Compared With IVIG Therapy
Finally, to identify the specific transcript profiles that are differentially abundant in patients treated with IFX therapy, we excluded transcripts that changed significantly in subjects who were initially IVIG-responsive subjects (n = 6), from among the 1,388 probes that changed in the IFX-responsive subjects (n = 8) (Figure 1) . A total of 645 probes (46.5%) significantly changed under the IVIG therapy (P < 0.05, >1.5-fold change). A total of 743 probes (53.5%) that were differentially abundant under IFX therapy only were identified after excluding 645 probes that were differentially abundant under IVIG therapy.
Among the 975 probes that were downregulated by IFX therapy, 465 (47.7%) were specifically downregulated in the IFX-responsive subjects and 510 (52.3%) were downregulated in both the patients treated with IFX and IVIG therapy. In the pathway analysis, a total of 72 and 68 signaling pathways were significantly detected in association with the 465 probes downregulated under IFX therapy and 510 probes downregulated under both therapies, respectively. Most of the signaling pathways suppressed under IFX therapy primarily involved NOD, interferon-γ, and MMPs, and signaling pathways associated with IL-1, TLR, complement and coagulation cascades, IL-6 and TNF-α were significantly downregulated under both therapies ( Table 2) .
A total of 413 probes were upregulated by IFX therapy: 278 probes (67.3%) were specifically upregulated under IFX therapy and 135 probes (32.7%) were upregulated under both IFX and IVIG therapies (Figure 1) . In the pathway analysis, a total of 56 and 16 signaling pathways were significantly detected in association with 278 probes in the patients treated with IFX therapy and 135 probes in patients treated with both therapies, respectively. Most of the signaling pathways were upregulated under IFX therapy involved TCR, apoptosis, TGF-β, and IL-2 ( Table 2) . No characteristic pathways were upregulated under both therapies.
To identify the specific transcripts that were differentially abundant between the pre-and post-IFX therapy, we selected 50 probes that were more abundant after IVIG therapy from among the 465 probes that were significantly less abundant after IFX therapy alone. These 50 probes included PI3 (3.44-fold change), MMP8 (2.62-fold change), chemokine (C-C motif) receptor-2 (CCR2, 1.71-fold change), and pentraxin-3 (PTX3, 1.62-fold change), which play a role in KD vasculitis and IVIG resistance (Supplementary Table S1 online). Among the 278 probes that were more significantly abundant after IFX therapy alone, no characteristic transcripts were less abundant after IVIG therapy.
Validation of the Expression of the Transcripts Regulated Under IFX Therapy Using Quantitative RT-PCR
We selected four transcripts (PI3, MMP8, CCR2, and PTX3) associated with KD inflammation, IVIG resistance and factors induced by TNF-α stimulation from among the 50 probes that were significantly less abundant after IFX therapy but more abundant after IVIG therapy and subsequently validated the expression levels of these transcripts using quantitative RT-PCR with whole blood samples obtained from an independent cohort of IFX-responsive subjects (n = 9). The expression levels of PI3, MMP8, CCR2, and PTX3 significantly decreased after IFX therapy (PI3, P = 0.008; MMP8, P = 0.012; CCR2, P = 0.008; PTX3, P = 0.038; Figure 2 ).
DISCUSSION
To investigate the mechanism of action of IFX therapy in KD patients, the transcript abundance profiles in whole blood obtained from IFX-responsive KD subjects who received IFX as the third-line treatment after two cycles of IVIG therapy were analyzed before and after IFX therapy. In this study, the transcript abundance, which was found to be related to signaling pathways of KD inflammation, such as those involving IL-1, IL-6, and TNF-α, changed significantly following the administration of IFX therapy. Remarkably, the expression The signaling pathways for the transcripts that were less or more abundant after IFX therapy in the eight subjects who responded to IFX therapy and after IVIG therapy in the six subjects who responded to the initial IVIG therapy. IFX, infliximab; IVIG, intravenous immunoglobulin.
Articles levels of some transcripts associated with IVIG resistance were changed by IFX therapy. These results suggest that IFX therapy regulates important cytokine signal activities involved in KD inflammation by the blocking of TNF-α, which may be critical for regulating IVIG resistance factors. The administration of IFX was found to be associated with several pathways of innate immunity, such as NOD and TLR; inflammatory cytokines, such as interferon-γ, IL-1, IL-6, TNF-α, and IL-17; MMPs pathways (downregulated pathways); and TGF-β pathways (upregulated pathways) ( Table 3) .
Inflammatory cytokines, such as interferon-γ, IL-1, IL-6, TNF-α, and IL-17, are considered main inflammatory cytokines in KD and play a role in the onset of KD vasculitis, CAAs, and IVIG resistance (2, (10) (11) (12) . The increased transcript abundance of several genes in the IL-1 pathway has been confirmed among IVIG-resistant KD subjects (13) . Meanwhile, another study reported that the serum levels of soluble TNF receptor 1 and IL-6 are dramatically decreased after IFX therapy in refractory KD subjects (9) . In this study, IFX therapy greatly suppressed the expression levels of transcripts, which are involved in the main pathways of cytokine signaling related to KD vasculitis. Moreover, these inflammatory cytokinerelated pathways were significantly altered by IVIG therapy in the initially IVIG-responsive subjects. These results suggest that the administration of IFX is associated with transcript abundance regarding the pathway of KD inflammation, which can be sufficiently controlled with IVIG therapy, but not with IVIG therapy.
In contrast, NOD, MMPs, and TGF-β pathways were changed more significantly by IFX therapy than by IVIG therapy ( Table 3) . In recent studies, the involvement of TLR signaling and NOD-like receptor signaling in the pathophysiology of the acute phase of KD has been considered (14, 15) . In addition, based on a study reporting the repression of increases in the expression of NOD1 and NOD2 mRNA in mice macrophages by anti-TLR or anti-TNF-α antibodies, it can be assumed that the expression of NOD mRNA results from TNF-α production, possibly via TLR signaling (16) . The present findings suggest that specific TNF-α blocking with IFX therapy plays an important role in the activation of innate immunity, a crucial factor related to the acute phase of KD. MMPs are family members of zinc-dependent proteinases, proteins secreted from various cells, and break down the protein components of the extracellular matrix (17) . Polymorphisms of some MMP genes are associated with disease susceptibility, severity of CAAs in patients with KD (18, 19) . Other studies have reported the importance of the TGF-β signaling pathway in the pathology of KD vasculitis, based on recent findings that TGF-β gene polymorphisms are relevant to the susceptibility to KD and CAA formation (20, 21) . These findings suggest that the administration of IFX is associated with several pathways responsible for KD inflammation and CAA formation.
Furthermore, the transcript expression levels of PI3, MMP8, CCR2, and PTX3 involved in the onset of KD vasculitis and IVIG resistance, as well as factors induced by TNF-α stimulation decreased significantly after IFX therapy.
PI3, also known as skin-derived antileukoproteinase, elafin, and trappin-2, is a potent serine protease inhibitor that prevents excessive damage under inflammatory and immune responses (22) . This serine protease inhibitor, which is derived from epithelial cells and macrophages via TNF-α and IL-1β stimulation, exerts various biological effects including immunity modulation, e.g., neutrophil recruitment and nuclear factor-kappa B activation, and antiprotease activities, such as inhibitory effects on neutrophil elastase, the action of which induces tissue damage under inflammatory conditions. Neutrophil collagenase (MMP8) of the MMP family is thought to be synthesized exclusively by neutrophils and plays a key role in the degradation of extracellular matrix constituents (17) . Recently, the expression of the MMP8 gene has been observed among IVIG-resistant subjects, and the serum levels of MMP8 have been reported to be significantly higher in the acute phase of KD (13) . In addition, the expression of MMP8 induced via TNF-α stimulation of mice cardiac cells has been demonstrated (23) .
CCR2 is the receptor for the CC chemokine known as monocyte chemotactic protein 1. Monocyte chemotactic protein 1 is produced by various cells following stimulation with TNF-α or IL-1β. The monocyte chemotactic protein 1 levels have been reported to be elevated during the acute phase of KD (24) . The role of CCR2 has also been reported in an animal model as Figure 2 . Expression levels of the transcripts among the nine subjects who responded to IFX therapy after two cycles of IVIG therapy. The whole blood transcript expression levels of (a) PI3, (b) MMP8, (c) CCR2, and (d) PTX3 before the IFX (white bars) and 36 h after the end of IFX (gray bars) therapy. The results are presented as relative units of each transcript compared with that of TAF1B. The box plots demonstrate the median and 25th and 75th percentiles, with the whiskers indicating the maximum and minimum values. P values were calculated using the Mann-Whitney U-test. *P < 0.05, **P < 0.01. CCR2, chemokine receptor-2; peptidase inhibitor-3; MMP8, matrix metalloproteinase-8; PI3, peptidase inhibitor-3; PTX3, pentraxin-3; TAF1B, TATA box-binding protein-associated factor RNA polymerase 1B. being important for the pathogenesis of coronary vasculitis in KD (25) . Furthermore, the administration of IFX therapy reduces the serum levels of monocyte chemotactic protein 1 and CCR2 in patients with rheumatoid arthritis (26) . Pentraxins constitute a super family of conserved proteins characterized by the pentraxin domain. PTX3 reflects the degree of inflammation of the local vasculature in response to the actions of TNF-α and IL-1β, compared with C-reactive protein, which is produced in the liver following IL-6 stimulation. The PTX3 levels are significantly high in IVIG-resistant KD subjects compared with those observed in IVIG-responsive subjects (27) . Moreover, PTX3 has been shown to be a good biological marker for predicting the clinical outcomes of subjects with Takayasu's arteritis (28) .
These four transcripts related to KD inflammation, IVIG resistance and factors induced by TNF-α stimulation were also more suppressed by IFX therapy in the independent cohort of IFX-responsive subjects with IVIG resistance, indicating that the administration of IFX is beneficial in IVIG-resistant subjects.
We recognize several limitations in our study. The timing of blood sampling was not matched between the IFX-responsive and IVIG-responsive subjects. Because KD is a very dynamic and variable disease over the course of the acute phase, variation in transcript abundance profiles is expected to be associated with differences in the illness day with respect to the timing of blood sampling. In addition, we consider that the transcript patterns were influenced by the different cell numbers in each sample, using whole blood samples. Transcript abundance profiles that were differentially abundant following IFX therapy as the third-line treatment were found to be definitively affected by IVIG therapy. Therefore, it was confirmed that transcript abundance profiles were changed more by IFX therapy compared with that of IVIG.
In conclusion, the administration of IFX was found to be associated with both the signaling pathways of KD inflammation and several transcripts related to IVIG resistance factors. These findings provide strong theoretical support for the use of IFX in KD patients with IVIG resistance.
METHODS
Subjects and Sample Collection
Whole blood samples for the microarray study were obtained from eight IVIG-resistant KD subjects, given an IFX preparation (Remicade: Mitsubishi Tanabe Pharma, Osaka, Japan) as third-line treatment. The samples were collected before the IFX and 36 h after the end of IFX therapy ( Table 1 ). All subjects had been admitted to Kitasato University Hospital between 2007 and 2012, were Japanese and fulfilled the criteria for the Diagnostic Guidelines for Kawasaki Disease (5th revision) published by the Kawasaki Disease Research Committee in Japan (29) . The subjects were given a total dose of 4 g/ kg of IVIG as the initial and second-line therapy before the IFX therapy. However, they exhibited resistance to the IVIG therapy and were therefore subsequently treated with a dose of 5 mg/kg of IFX infused over 2 h as the third-line treatment between illness days8 and 12 (median, 10.5 days). We defined resistance to therapy as the presence of a persistent or recurrent fever lasting ≥36 h after the completion of the IVIG or IFX therapy. All eight subjects responded to IFX therapy following two cycles of IVIG therapy; their fever subsided within 36 h and other symptoms disappeared after administration of IFX. Oral aspirin (30 mg/kg/d) was given to all subjects during the acute phase. Two-dimensional echocardiograms were performed on all subjects before initial IVIG and at 36 h after each treatment and at 1 mo after the end of each treatment. The internal diameter of the coronary artery was measured at the main trunk coronary artery, the proximal left anterior descending, and the right coronary artery. Body surface area was computed by Haycock calculating formula (30) . The coronary artery Z-score was computed by the Dallaire calculating formula (31) . We defined Z-max as the maximum Z-score in any coronary artery segments during 1 moafter onset KD. CAAs were defined as the maximum Z-score ≥ 5.
To identify the transcript profiles that were differentially abundant after IFX therapy and exclude those that were differentially abundant after IVIG therapy, we obtained mRNA from the whole blood samples of six initial IVIG-responsive subjects before the IVIG therapy and 36 h after the end of IVIG therapy. These subjects were treated with a dose of 2 g/kg IVIG infused over 24 h as the initial therapy between illness days 2 and 6 (median, 5.5 days) (Supplementary Table S2 online). Sex, age, and illness days at diagnosis were similar between these subjects and the IFX-responsive subjects. We first identified the transcripts that were differentially abundant between the pre-and post-IFX therapy periods and compared them with the transcripts of the subjects exhibiting an initial IVIG response. Among these transcripts, we then obtained those associated with the onset of KD vasculitis, IVIG resistance, and factors induced by TNF-α stimulation (Figure 1) .
Subsequently, to validate the microarray results, we analyzed the expression levels of the quantitative RT-PCR transcripts using whole blood samples obtained from independent cohorts of nine KD subjects who exhibited an IFX response. These subjects were also given IVIG twice (total 4 g/kg) before IFX therapy and treated with IFX as the third-line treatment within 12 illness days (median, 11 days). All nine subjects responded well to the IFX therapy. Blood samples were also collected before the IFX and 36 h after the end of the IFX therapy.
Informed consent was obtained from the parents of each child enrolled in this study, and the study design was approved by the ethics review board at Kitasato University Hospital.
RNA Isolation, cDNA Preparation, and Hybridization
Whole blood was collected in PAX gene tubes, followed by total RNA isolation and cDNA preparation, and hybridization, as previously described (32) . The results of the GeneChip analysis can be found in the NCBI's Gene Expression Omnibus and are accessible through the Gene Expression Omnibus Series accession database.
Microarray Analysis
For the expression analysis of the gene chip microarray, the CEL files created from each gene chip were imported into the GeneSpring GX 12.5 software program (Agilent Technologies, Santa Clara, CA, USA). Normalization and baseline approach was performed using the robust multi-array average and median of all samples (33) . To exclude poorly reproducible transcripts, probes with an expression level lower than 20% were removed from the experiment based on the signal intensity value. Comparisons of the values obtained before and after each therapy were made using the Mann-Whitney U-test. Multiple comparisons of the transcript data for each group were corrected according to the Benjamini Hochberg false discovery rate (Q value). Values of P < 0.05 and Q < 0.05 were considered to be statistically significant. To identify the differential transcript abundance between the two groups of samples, a filter of >1.5-fold was applied. A pathway analysis was performed using WikiPathways (http://www.wikipathways.org) to search for biological pathways by importing the data into the GeneSpring GX 12.5 software program (Agilent Technologies). WikiPathways is a resource for biological pathways in the form of a Wiki. It serves as a repository for biological knowledge in the form of a pathway diagram and a platform for curating, sharing, and publishing pathways (34) .
Quantitative Real-Time PCR
The transcript levels for PI3, MMP8, CCR2, and PTX3 were measured using a TaqMan Gene Expression assay (PI3; Hs0016066_m1, MMP8; Hs01029060_m1, CCR2; Hs00356601_m1, PTX3; Hs00173615_m1,
